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CHARGED  DISLOCATION  IN  ICE 

1.  Existence  and  Charge  Density  Measurement  by  X-ray  Topography 

Kazuhiko  (tagaki 


INTROOUCTION 

Extemiv«  iiudic*  on  eiccirically  chaffed  dnta 
lions  in  tonic  crytlaii  have  been  made.  A  review  .y 
Whiiworih  (1975)  covered  a  wide  rartge  of  toptes 
concerning  charged  dislocation  processes;  however, 
tittle  consideration  has  been  given  to  the  possiMe  ef¬ 
fect  of  mobile  charged  dislocations  on  dielectric 
potariration. 

There  are  several  investigations  (Sproull  1960, 
Zagoruiko  1965,  Turner  artd  Whitworth  1966)  in¬ 
dicating  that  the  charged  dislocations  can  be  displaced 
by  an  electric  held  applied  to  a  crystal.  The  additional 
polari/ation  caused  by  the  displaced  charged  dislocations 
can  contribute  to  some  of  the  dielectric  relaxation 
spectra.  A  brief  diKutsion  of  the  contribution  to 
dielectric  relaxation  and  the  possible  effect  of  defor¬ 
mation  was  given  by  the  present  author  (Itagaki  1969, 
Ackley  artd  Itagaki  1969).  Brantley  artd  Bauer  (1969) 
discussed  the  effect  of  charged  dislocations  on  the 
dielectric  constant  in  their  pie/oeiectric  effKt  study. 
Their  calculation  for  an  NaO  crystal,  however,  indicated 
a  very  small  contribution  (AK]])  lo  <hc  dielectric  re¬ 
laxation  strertgih  *23  (^*23  ^  against  *23  ^ 
because  of  the  small  linear  charge  density  (2x  10'*  ’ 

C/m)  and  because  the  quantity  ((dislocation  density) 

K  (segment  length)^ |  for  this  crystallographic  system 
is  small  (*O.I). 

Sirsce  ice  belongs  to  a  different  crystallographic 
system  than  NaO  with  a  possiMy  different  source  of 
tfre  charge,  the  contribution  of  polariaation  of  displaced 
dislocatiora  to  the  didcciric  relaxation  can  be  cors- 
sidcraMc. 

X-ray  topographic  observations  described  in  this 
report,  which  comtitutes  the  fint  part  of  a  series, 


revealed  that  dislocations  in  ice  are  electrically  charged, 
artd  the  possible  range  of  the  magnitude  was  determined. 
Theoretical  calculations  of  the  possible  contribution 
to  dielectric  polari/ation  by  charged  dislocatiom  svitl 
be  discussed  in  the  second  part  of  this  scries  of  reports 
and  will  be  based  on  the  values  oblairsed  from  X-ray 
topographic  observation.  The  results  will  indicate 
that  potariration  due  to  displaced  dislocations  under 
an  external  electric  field  is  sufficient  to  explain  the 
well-known  large  audio  frequency  dielectric  relaxation 
strength  of  ke. 

The  dielectrk  constant  of  dislocation-free  kc 
between  20  Hr  to  100  kHr  was  found  to  arsomalously 
low  (less  than  10,  Itagaki  1978).  Detailed  discussiom 
will  be  given  in  the  third  part  of  this  series,  together 
with  the  effect  of  strain  on  the  dielectrk  relaxation 
spectrum. 

Reports  on  the  effect  of  strain  upon  intensal  frktion 
and  other  charged  dislocation  related  phertometsa  such 
as  quasi-pieroelecuk  effects  will  follow.  All  results 
supported  the  theory  that  dielectrk  relaxation  artd  in¬ 
ternal  frktion  in  the  audio  frequerKy  rattge  are  caused 
by  moving  charged  dislocations  within  the  frequency 
range  nteasured. 


TMCORV 

An  estimate  of  tfte  charge  cortcentration  can  be 
made  if  the  amplitude  of  vibrating  charged  dislocations 
is  measured  under  a  known  eicctrk  field.  X-ray  topo- 
^aphy  is  the  most  promising  ntethod  for  making  direct 
observatiotts  of  vibratirtg  dislocatiom  in  kc.  Electron 
mkroscopy  could  not  be  used  because  kc  would  sub¬ 
limate  in  the  hi^  vacuum.  An  etch  pit  method  would 
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not  revul  ihe  vibriting  dniocation  and  the  etdwd 
Mjrfacc  would  affect  die  movement  of  ditlocatiom. 
The  intent  of  the  pretent  ttudy  was  to  ettaMith  the 
charfe  coiKentration  on  the  dislocation  lirsc  by  X-ray 
topofraphy. 

The  equation  of  motion  of  a  charged  dislocation 
uruler  a  local  electric  field  f*  can  be  described  by  the 
following  equation: 

(1) 

dr*  ^  a** 

where  A  *  tpb^,  linear  mass  of  dislocation 

I]  ■  the  displacement  of  any  point  on  the 
dislocation 

fl  >  the  damping  coefficient 
C  ■  the  line  tension 

(I  >  the  linear  charge  density  along  the  dis¬ 
location 

2*u;  ■  frequerKy  of  applied  field. 

The  solution  under  the  boundary  condition  of  q(0,  f) 
»  n(t.  l)  *0  where  tj  «  q(*,  f)  is 


„-M:  S  -j-sinL^” 

4  »  •  0  2n*l  * 

eap|/M-a„)| 

•here  t  «  the  segment  length 
w,  •  t(2n*l)(C/4)''/T 
6„  ■  tan''  ujS/A 

Since  the  high  frequerKy  end  of  the  present  measure¬ 
ment  is  far  lower  than  cug  (*'«)•  b  •’“Y 

approximated  by 

w  t^t^/SC.  (3) 

The  amplitude  of  vibration  and  the  distance 
between  pinning  points  t  can  be  obtained  from  the 
X-ray  topograph  of  ice  under  a  krwwn  applied  electric 
field  f .  Local  field  S'  can  be  calculated  from  F  and 
the  dielectric  constant  of  a.  C  b  calculated  from  C 
•  where  X,  b  the  energy  factor  for  screw  db- 

locations.  The  charge  concentration  p  b  thus 


EXPERIMENTAL  APPARATUS  AND  PROCEDURE 

Specimens  used  in  these  experiments  were  single 
crystals  produced  in  the  Mendenhall  Glacier.  Conduc¬ 
tivity  of  molten  water  of  the  sin^e  crystals  was  about 
5x  10'*  S/m,  indicating  that  the  amount  of  ionic  im¬ 
purities  was  very  low.  However,  minute  amounts  of 
mineral  fragtisents  were  sometimes  found  in  the  melt¬ 
water.  Dblocation  density  was  about  5x10* /m^.  The 
specimen  was  oriented  to  have  a  diffraction  plane  of 
(lOTO)  aisd  was  mounted  on  a  holder  as  shown  in  Figure 

1  with  a  small  amount  of  water.  It  was  then  sliced 
without  inuoducing  suains  by  a  hot  wire  cutter  placed 
parallel  to  the  (0001 )  plaise  to  a  thickness  of  about 

2  mm.  Both  surfaces  of  the  specimen  were  allowed  to 
sublimate  under  a  dean  air  stream  to  reduce  the  thick- 
rtess  artd  to  provide  a  firtal  finish.  The  final  thickisess 
was  geiserally  about  0.5  mm  or  less.  The  holder  was 
placed  in  a  socket  on  a  cap  and  mounted  on  a  gonio¬ 
meter  head  as  shown  in  Figure  2.  Further  sublimation 
was  prevented  by  sealing  the  cavity  of  the  sample 
holder  with  Mylar  film  and  by  placing  a  small  ansount 
of  crushed  ice  in  the  cavity  of  the  goniometer  with  the 
sample.  To  avoid  contamination,  no  coating  was  used 
to  prevent  sublimation.  Gradual  sublimation  was  un¬ 
avoidable. 

Due  to  the  deterioration  of  sample  conditions  by 
relatively  rapid  sublinution  compared  with  the  time 
required  to  experiment,  attempts  to  establish  the 
Burgers  vector  of  dblocatiom  failed.  Fukuda  and 
Higashi  (1969)  observed  that  most  of  the  dblocatiom 
In  their  ice  samples  were  1  /3  <  1 1%  >  type  screw 
dblocatiom.  Probably  the  same  would  apply  to  the 
dblocatiom  observed  in  the  experiments  described  here. 

Lang  diffraction  topography  was  made  using  a 
)arrell-Ash  Lang  camera  with  Norelco  X-ray  equipment. 
A  sealed-off  fine  focus  capper  target  tube  with  a  nickel 
Kf  filter  was  operated  at  40  kV  and  10  mA.  Ilford  L4 
nuclear  emulsion  plates  were  used  and  developed  with 
Kodak  D-19  developer  at  18*C  for  about  15  min.  A 
point  source  port  (0.4  mmx  0.84  mm)  was  placed  about 
40  cm  from  the  specimen  aisd  an  adjustable  slit  (3.0 
mmx  w  10  mm)  was  placed  5  cm  from  the  specimen. 
The  vertical  hei^t  of  the  sib  was  adjusted  to  expose 
the  major  portion  of  the  specimen.  With  thb  con¬ 
figuration,  reasonably  sharp,  hi^  contrast  topographs 
were  obtained  with  relatively  short  exposure  times 
(30  min).  The  waveforms  applied  to  the  electrode 
supports  were  60-Hz  sine  warn,  and  1-1/3-Hiatsd 
1/30-Hz  square  waves.  The  field  strength  ranged  from 
300  to  60,000  V/m.  These  frequerKies  were  used 
because  the  drag  and  mast  effects  on  the  amplitude 
ar«d  wave  shapes  of  the  vibrating  dblocatiom  can  be 
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Figur*  I,  tee  umpte  mounted  on  the  holder. 


figure  1.  Ice  lample  on  the  holder  irntalM  In  the 
goniometer  caelty  end  electrical  connec  tiom  mode. 

ciwHKkrjMc  Jt  hi||h«r  frequence.  No  otMcrv«blf 
frequency  effect  on  •;  wjt  detected  within  ihK  fre- 
querKv  ranfe. 

The  foUowinf  precautiont  were  taken  to  ceparaie 
the  ditlocatton  motion  urtder  the  electric  field  from 
the  motion  cauyed  by  the  eyterrul  mechanical  and 


thermal  fivcec.  About  one-fourth  of  the  total  exposure 
of  a  specimen  was  made  without  any  electric  field  when 
the  60-H/  AC  field  was  applied.  Only  boat-shaped 
diffused  lines  with  a  prominent  center  core  were  selected 
as  the  dislocations  vibrating  under  Che  electric  field 
(F  ig.  3).  Those  lines  were  further  confirmed  by  com¬ 
paring  them  with  the  corresponding  lines  in  topographs 
taken  without  any  electric  field. 

Louver  frequency  square  waves  (1-1/3  Hr  and  1/30 
Hr)  were  produced  by  a  cam-driven  microswitch.  A 
sectored  lead  shutter  was  rotated  with  the  cam  in  order 
to  reduce  the  exposure  time  during  the  negative  cycle 
to  one-half  that  of  the  exposure  time  during  the  positive 
cycle.  This  arrangement  made  it  possible  to  distinguish 
the  dislocations  vibrating  under  the  electric  field  as 
well  as  the  signs  of  their  charges  (Fig.  A). 

RESULTS 

The  measurerrwnt  of  length  and  maximum  displace¬ 
ment  1}  of  diffused  segments  was  required  as  shown  in 
eq  4  to  obtain  the  charge  demity.  However,  when  the 
dislocation  density  was  high  it  was  difficult  to  make 
accurate  measurensents.  A  further  difficulty  was  that 
the  dislocation  images  overlapped  and  smeared  out  when 
the  higher  electric  fields  were  applied,  while  the  dis- 
placerrsent  ursder  the  low  electric  fields  was  limited  by 
the  resolution  arsd  was  indistinguishable  from  motion 
produced  by  other  forces.  The  optimum  electric  field 
was  between  I  ,(XX)  V/m  arsd  5,000  V/m  for  irtdividual 
dislocatiom. 
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ftgurr  J.  OiiJocotfoni  under  60-H/,  t,4S0-Vlm  AC  field.  Arrowt  irtdkate 
dmceatron  imoge%  with  center  core,  (f  -electric  field  vector,  Deilffroctlon 
vector). 
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Figure  4.  Boat-dtaped  ihodow  of  vltmtmg  didocotion  thown  betoken  two 
arrowt.  Note  left  tide  darher  than  right  tide.  Cxpoture  during  the  field 
direction  -F  h  one-half  of  that  of  the  field  direction  *F.  Field  strength  ts 
2,9SO  Vim.  Frequency  H  1130-Nt  square  wove.  Diffraction  vector  Is  D. 
Pinning  points  are  the  intersections  of  rdorker  outlines  and  are  Indicated  by 
open  circles,  tj  rt  the  distaiKe  between  arrows. 


F tgurx  5.  Sirai^t  dii/ocaiions  under  a  high  electrk  field  that  do  not 
vibrate  vvhde  lurved  didoeation  linei  ihow  vibration  (16,000  Vim, 

I -1 13  Hi  vguare  hwv/ 


Bundin  of  didwjttom  bctamc  mobile  undci  hi|{hcf 
electric  fteldc  m  vwne  cases  (54,000  V/m).  In  f  igure 
5  strii){bl,  sharp,  well-defined  dislocations  indicated  no 
observable  motion  (or  field  strength  up  to  16,000  V/m, 
but  the  curved  lines  were  observed  to  have  been  vi¬ 
brating  within  this  range  of  electric  field.  Presumably 
these  dislocations  were  trapped  in  the  Peierls  trough 
(see  Oheuaioet).  Measurements  were  made  on  only 
the  segments  which  conformed  to  the  following  stan¬ 
dards 

1.  Length  and  amplitude  of  the  segment  cixjid  be 
established. 

2.  Mo  motion  was  detected  in  the  topographs  taken 
without  an  applied  field. 

3.  A  center  core  was  seen  when  the  60-H/  field  was 
applied,  or  a  boat -shaped  shadow  was  darkly  outlined 
and  one  side  of  the  outline  was  darker  than  the  other 
when  the  l-l/S-H/  or  l;'3<3-H/  square  wave  was  applied. 

Although  most  of  the  dislocations  lying  perpendicular 
to  the  electric  field  were  found  to  vibrate  under  the 
mfluerxe  of  the  field,  only  a  few  lines  conformed  to 
the  standards  mentiivsed  above. 

The  measured  results  are  shown  in  TaWe  1,  columns 
2  and  3  As  derived  from  eq  3,  r},^,/t^  is  proportional 
to  the  applied  field  (f  ig.  6)  althou|^  there  is  consideraMc 
scatter.  Most  of  the  scatter  is  due  to  difficulty  in  the 
measurement  of  the  diffuse  image. 

The  charge  density  may  possibly  differ  according  to 
the  direction  of  the  dislocations.  Kinks  may  be  the 
source  of  the  charge  of  dislocatiom  sirKe  a  kink  in  a  Krew 


disIcKation  is  an  edge  dislocation  of  one  Burgers  vec¬ 
tor  in  length  that  has  a  dangling  bond  with  it  (Glen 
1%8).  Protons  on  the  dangling  bond  may  be  the  source 
of  charge.  Density  of  kinks  it  a  function  of  angle  be¬ 
tween  the  dislocation  and  cryslallographic  directions. 
Therefore,  the  charge  density  increases  as  the  angle  in¬ 
creases,  if  this  mechanism  is  the  source  of  charge. 

There  are  several  problems  in  estimating  the  local 
field.  An  assumed  value  for  the  dielectric  constant 
does  not  allow  accurate  calculation  of  the  IcKal  field 
for  the  following  reasons 

1 .  The  Mosotti  field  cannot  be  used  for  accurate 
calculation  because  it  is  based  on  a  spherical  cavity 
surrounding  the  dipole  considered.  In  the  present  case, 
however,  the  cavity  should  be  cylindrical  with  the 
center  line  in  common  with  the  dislocation  line.  These 
considerations  would  change  the  local  field  from  f" 

*  £(k'*2)I3  in  the  spherical  cavity  case  to  €'  *  £(«'♦!  )/2 
in  the  cylindrical  cavity  case  if  the  specirrten  is  very 
thKk  (see  Appendm  A). 

2.  The  distribution  of  dislocation  lines  is  not  uni¬ 
form  so  that  the  local  field  produced  by  the  dislocation 
lines  and  their  displacement  is  not  uniform.  Also  the 
values  of  the  dielectric  permittivity  would  not  agree 
with  the  value  used  for  the  above  calculation. 

3.  The  specimen  is  thin  so  that  the  integration  of 
the  field  cannot  be  made  on  an  infinite  volume  but  only 
on  the  finite  slab  of  the  specimen. 

The  local  field  acting  on  the  cylindrical  cavity  can 
be  close  to  the  applied  field  under  the  present  geometry 


T«bl«  1.  Pofiibl*  ran0>  c4  Iktnr  charfe  dcraitY  |i  for  Mch  tcgmeni 
motiurod. 


of  the  mejtmiemcnti.  A  potmiul  grjdtmi  along  the 
Mirfacr  parallel  to  the  applied  field  and  cau^  by  sur¬ 
face  conduction  ma>  be  the  motl  effective  source  of 
the  local  field  because  electrodes  are  tar  apart  but  con¬ 
ducting  surfaces  arc  very  close  so  that  the  contribution 
to  the  local  field  is  stronger.  Although  theoretical 
studies  on  the  local  field  were  attempted,  the  results 
were  irsconclusive  because  the  assumptions  used  were 
difficult  to  verify. 

Moreover,  :he  dielectric  constants  are  highly  de¬ 
pendent  on  the  strain,  presumably  due  to  the  changing 
dislocation  structure  with  irKreasing  strain,  especially 
in  the  Ircquency  range  in  which  the  present  work  was 
done.  Iherefore,  the  esact  strength  of  the  local  held 
IS  in  considerable  doubt.  The  prisbabie  upper  and 
lower  limits  of  field  strength  were  used  in  the  present 
work  arsd  these  limits  defined  the  usable  range.  The 
upper  limit  of  the  local  field  which  yields  the  lowest 
charge  density  (shown  m  the  last  column  of 
T able  1)  was  calculated  from  eg  4  using  the  Mosolli 
field  for  a  cylindrKal  cavity  and  the  usually  observed 
dielectric  permittivity  of  unstrained  ice  («’  »  90.  r* 

*  I  (»'vl)/2  »  45  i£).  The  lower  limit  is  the  esterrsal 
field  whKh  yields  the  maximum  charge  density  Pn,** 
shown  in  column  6.  Table  1 

Only  three  segments  were  foursd  appropriate  by  the 
abovementioned  slarsdards  to  identify  the  sign  of  the 
charge  Ihese  charges  had  a  poutivr  sign.  The  pos¬ 
sibility  still  remairss  that  disliKation  lirses  of  negative 
ugn  can  exist  under  certain  conditions. 

The  results  of  the  measurements  arc  compiled  in 
Table  2  for  future  use  Standard  deviation  of  the 
distribution  of  (segment  length), '(mean  segment  length) 
was  calculated  few  rsocmal  and  log-normal  distributions. 
The  log  normal  distribotKin  is  preferred  because  its 
plot  on  prirbability  paper  showed  better  fit  and  also 
because  rso  rsegative  segment  length  was  involved, 
ffowever,  statistKal  theory  of  the  segment  length 
pinned  by  a  random  array  of  point  obstacles  made 
by  Lahusch  (1977)  irsdicated  that  the  shape  of  the 
segment  length  distribution  lay  between  normal  and 
lognormal  distrihutiorss.  The  effect  of  segment  length 
distribution  on  the  observed  dielecUK  relaxation  spec¬ 
trum  will  be  discussed  in  the  rsext  report  in  this  series. 

DISCUSSION 

There  are  several  reports  on  the  charge  denvty  of 
dislocation  lirses  in  ior>K  crystals.  The  most  widely 
used  method  of  measuring  the  charge  dertsity  is  bated 
on  charge  generation  during  deformation  arsd  recpjires 
information  on  mobile  dislocation  derssity.  If,  how¬ 
ever,  some  dislocaliorss  are  imissobili/ed  by  factors 


such  as  the  charge  cloud  effect,  the  impurity  effect, 
or  the  Peierls  trough  effect,  an  estimate  of  mobile 
dislocation  density  based  on  etching  (which  would  reveal 
all  dislocations  whether  mobile  or  not)  may  be  an  over- 
ettinute  causing  the  charge  corKentration  to  be  under¬ 
estimated. 

Also  the  Burgers  vector  of  opposite  sign  could  not 
be  eliminated  even  if  orse  sign  domirutes  the  other. 

If  the  electric  charge  of  a  dislocation  line  is  not  affected 
by  the  sign  of  the  Burgers  vector,  opposite  sign  poiar- 
ication  will  be  produced  by  displacement  of  dislocaliorss 
having  an  opposite  sign  Burgers  vector  during  the  de¬ 
formation  and  would  partially  cancel  the  dominating 
polarization.  The  charge  corKentration  obtained  from 
charge  generation,  therefore,  may  be  underestimated 
even  further. 

Zagoruiko  (l%5)  observed  motion  of  etch  pits  on 
a  sodium  chloride  crystal  surface  under  a  static  electric 
field.  Several  sources  of  error  may  appear  whers  this 
method  is  usee'  to  estimate  the  charge  corscentration. 

For  example,  the  local  field  near  the  surface  may  be 
affected  by  fringing  and  differ  from  the  applied  field 
strength,  thus,  the  charge  density  p  derived  from  his 
equation  (p  ■  t£l0.iK)  would  affect  the  estimate  of 
charge  corKentration.  The  corscentration  of  divalent 
impurities  required  to  calculate  K  in  the  same  equation 
may  be  different  near  the  surface.  Also,  the  motion  of 
a  dislocation  would  be  hampered  near  the  surface, 
especially  at  the  ersd  attacked  b>'  the  etchant  before 
appiKation  of  the  electric  field.  Therefore,  his  equation 
to  calculate  the  charge  density  contains  several  assurrsp- 
tiorss  which  are  diffKUlt  to  verify. 

The  present  method  using  X-ray  topography  is  more 
direct  in  rrseasuring  charge  density  on  the  dislocation 
line.  However,  several  problems  still  exist  which  may 
affect  the  results.  Possible  causes  which  may  have  sup¬ 
pressed  dislocation  line  motion  in  these  experiments 
are  the  following 

1 .  Surface  effects.  The  portions  of  dislocation  lines 
which  lay  parallel  near  to  the  surface  and  which  ter- 
miiuted  on  the  surface  seemed  to  have  been  affected 
by  the  surface.  Oislocations  in  the  thinner  samples 
were  observed  to  be  less  mobile,  presumably  because 
of  this  effect. 

2.  Local  field  effects.  As  the  dislocation  density 
decreased  during  the  thinning  by  subiimination  or  by 
the  annealing  out  of  dislrxatiom,  the  effective  dielectric 
constant  caused  by  moving  charged  disfiKatiom  may 
have  become  lower  because  it  is  directly  proportiortal 
to  the  dislocation  density  (as  will  be  discussed  in  Part  II 
of  this  series  of  reports).  This  effect  will  reduce  the 
effective  Field  acting  on  the  individual  dislocation  lirses. 

A  lower  dislocation  (tensity  area  is  surrounded  by 
a  hi^er  density  area  in  Figure  7.  The  amplitude  of 
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ditiuulion  molkm  in  lh«  tow  deoMiy  area  h  apparently 
wnallcr  than  in  the  high  demity  area.  The  unaller 
amplitude  can  be  atPibutcd  to  the  turface  or  the  local 
field  effect  or  both. 

3.  Charge  c/oudeffKts.  According  to  Eshelby  et 
aJ.  (1958),  charged  ditiocatiom  in  alkali  halide  cryttalt 
are  gradually  currourtded  by  a  charge  cloud  of  oppotite 
tign.  GMilomb  interaction  between  the  chvgcd  dit- 
location  and  the  slowly  moving  charge  cloud  would 
suppress  the  dislocation  motion.  Shielding  by  the 
charge  cloud  wilt  reduce  the  effective  field  which  also 
suppresses  the  disJacacion  motion. 

4.  Impurity  effects.  Various  types  of  impurities 
may  diffuse  from  the  atmosphere  into  the  ice  crystals 
through  the  crysul  lattice  and  along  the  dislocation 
lines.  Although  sorrse  impurities  like  hydrofluoric 
acid  (HF )  seem  to  accelerate  the  dislocation  motion, 
most  types  of  impurities  would  tend  to  constrain  the 
motion. 

It  has  been  observed  during  the  present  evperiments 
that  the  dislocation  lines  in  newly  prepared  specimerss 
are  curved  arsd  mobile,  while  dislocations  in  older 
specimens  are  rather  straight  and  immobile  even  under 
the  highest  electric  field  applied  (60,000  V/m).  The 
differerKe  in  character  of  the  dislocations  may  be  at¬ 
tributed  to  the  charge  cloud  or  the  effect  of  impurities 
which  have  diffused  into  the  older  ice  from  the  at¬ 
mosphere. 

5.  X-ray  effects.  It  is  krsown  that,  in  the  case  of 
alkali  halides,  point  defects  produced  by  X-ray  ir¬ 
radiation  at  color  centers  pin  down  the  dislocatiom 
(Bauer  and  Gordon  1962).  A  similar  effect  seems  to 
exist  in  ICC. 

The  dielectric  constant  of  ice  shosvs  a  very  rapid 
irnrease  followed  by  a  gradual  decrease  during  X-ray 
irradiation  (Ackley  and  Itagaki  1971 ).  The  initial 
irKrease  is  presumably  irsduced  by  charge  carrier 
production,  and  the  gradual  decrease  may  be  related  to 
the  pinning  of  charged  dislocations  by  point  defects 
produced  during  X-ray  irradiation.  Relaxation  time 
was  also  reduced  by  X-ray  irradiabon,  indicating  the 
shortening  of  dislocation  segments  by  pinnirsg.  The 
rcductMXs  of  relaxation  tifisc  arsd  strength  was  also 
observed  in  an  internal  friction  study  supporting 
this  notion  (VanOeversder  arsd  Itagaki  1973).  The 
details  of  X-ray  irradiation  effect  on  dielectric  arsd 
interrul  friction  will  be  described  in  a  later  part  of  this 
series  of  reports. 

6.  Troughs  of  the  Peferls  potential.  The  energy  of 
a  dislocation  lirse  is  minimum  sshen  it  lies  pvallel  to 
roses  of  atoms  on  the  slip  plane.  This  energy  minimum 
is  fresiuently  called  the  Peicris  trough.  A  dislocation 
which  lies  in  the  Peierls  trou^  rursnirsg  aloisg  certain 
aystaliographic  orientatiorss  requires  a  higher  ersergy 


to  move  out  of  the  trou^  than  a  dislocation  which 
does  not  lie  in  the  trough.  It  was  frequently  observed 
that  suai^t  dislocations  were  gerserally  in  the  <  I  ll!o> 
directions  and  were  immobile  (Fig.  5).  ft^esumably  the 
dislocations  were  trapped  in  the  trou^  of  ersergy  minima 
after  prolonged  anrsealing.  The  X-ray  topographic  study 
on  dislocation  structure  in  ice  made  by  Webb  and  Hayes 
(1967)  showed  that  all  Burgers  vectors  are  of  the  <  1 150> 
type.  Fukuda  and  Higashi  (1969)  indicated  that  most 
of  the  dislocatiotss  are  of  the  screw  type.  Another  pos¬ 
sibility  is  that  the  pure  screw  dislocation  in  ice  nuy  not 
have  any  electric  charge  as  svas  found  in  some  of  the 
alkali  halide  crystals  (Davidge  1963). 

All  of  the  above  factore  tend  to  suppress  the  div 
location  nsotion.  Factors  1 , 3. 4  and  6  can  be  avoided 
by  using  thick,  freshly  prepared  specimens.  To  avoid 
the  local  Held  effect  on*  must  observe  the  disiocations 
in  the  higher  density  regions,  which  makes  it  difFKult 
to  distinguish  the  pinning  points  of  the  dislocations. 

The  X-ray  effect  is  unavoidable  in  the  X-ray  topography 
method.  Fortunately,  this  effect  does  rrat  seem  prohib¬ 
itively  strong. 

A  possible  temperature  rise  produced  by  passing 
current  through  the  specimen  does  not  appear  respon¬ 
sible  for  the  dislocation  vibration.  The  distinctive  dif- 
feretKes  between  Figure  8a  (made  with  no  applied 
field)  and  Figure  8b  (made  with  a  30,000  V/m  field) 
supports  this  notion.  Most  of  the  dislocation  lines  lying 
perpendicular  to  the  electric  field  which  appeared  in 
Figure  8a  are  snseared  out,  of  low  contrast,  or  are  spread 
to  a  boat  shape  in  F  igure  8b,  while  little  change  is  ob¬ 
served  in  the  lines  parallel  to  the  electric  field.  The 
vibration  of  dislocations  due  to  a  thermal  effect  would 
not  depersd  on  orientation. 

Brantley*  suggested  that  pierodectric  deformation 
is  a  possible  mechanism  to  drive  dislocatiorH  in  the 
crysul.  However,  Tippe  (1967)  found  no  deteeuWe 
pieroelectric  effect  in  ice,  and  therefore  this  type  of 
deformation  seems  unlikely.  Dcubner  et  al.  (I960) 
foursd  some  effect  which  disappeared  after  three  or 
four  days. 

A  recent  study  on  the  quasi-piezo  effect  of  strairsed 
ice  single  crysuls  (Itagaki  1978)  indicated  tftat  those 
effects  may  be  more  easily  explained  by  the  eiectricaliy 
charged  disiocations.  If  one  sips  of  the  Burgers  vector 
charged  disiocations  domirsates  the  other,  a  quasi-piezo 
effect  can  be  produced  by  the  displacement  of  the  dis¬ 
locations  either  by  the  mechanical  stre»  or  electrical 
field.  The  disappearance  of  piezodectricity  may  be 
caused  by  immobilizing  charged  dWocationt  by  dw 
effects  of  charge  clouds,  impurities,  or  troughs  in  the 


*W.A.  BraflPn.  Oeeamnem  of  kteidhirgy  and  Idalwttl  SdMscet, 
Carrwgu  MsWee  UiUversNy,  pwsMial  cemrmiiilcelion  1969. 
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M  (b) 

Figun  8.  Companion  of  dislocation  Image  without  (a)  and  with  (b)  an  electric  field  of  32,000 
V/m,  l-IIJ-Hx  square  wave. 


Pvicfli  pountui  M  diKUticd  prcvKMJily  in  Ihit  report. 
n«ew  lopict  will  be  dncmtcd  in  i  Uter  report. 


CONCLUDING  REMARKS 

The  poisiNe  ranfc  of  charee  demitv  o  rather  wide 
(1.5*  10  '®  C/m  to  3.2*  lO  '"  Om).  However,  the 
iTKHt  probable  value  it  t  /3  of  becautc: 

1 .  The  ttatk  dielectric  constant  of  ditlocation- 
free  kc  it  about  i,  which  it  very  low  compared  with 
the  utuaily  accepted  value  of  about  100  (Itafaki  1978). 
This  findint  irMlicatet  that  ciccuicafly  charped  div 
locationt  are  the  maiot  cause  of  dielectric  relaxation 

in  the  audio  frequency  range.  Attuming  that  the  di- 
elecbic  constant  ■  it  about  3.  the  Mototti  Tield  would 
increase  the  effective  field  E*  on  a  dislocation  line  as 

f'"f|o*ai(«*»)/2*3Eto*ai 

2.  The  prcdominani  contribution  of  surface  con¬ 
duction  K  to  the  E|oc4  Odd  because  of  the  geometry 
of  the  measurements.  The  fidd  produced  at  the  dec- 
tfodes  would  be  greatly  reduced  by  electrode  polariza¬ 
tion. 

3.  Most  dislocation  observations  were  made  in  the 
low  dislocation  demitv  area  to  that  there  was  little 
interference  from  nei^ibortng  dHlocatiom. 


Taking  into  account  those  factors  f  should  be 
close  lo  the  applied  field  F^ppi  “  K/t  where  V  is  applied 
voltage  and  L  I)  the  separation  of  dretrodes. 

Therefore 

t  Si  iVlL.tnd 

p  a  *  vO-S*  10-10  C/m  »  ve/T-lb 

where  b  is  the  Burgers  vector.  The  source  of  the  charge 
n  open  to  future  studies.  Several  possible  mechanisms 
have  been  proposed  for  non-ionic  crystals  (Glen  1968, 
Booyem  et  al.  1977). 

The  charge  density  together  with  the  other  data 
obtained  during  this  study  are  listed  in  TaMe  2.  The 
extent  of  dislocation  contribution  artd  the  effects  of 
segment  length  distribution  on  the  didectric  rdaxation 
spectra  will  be  discussed  in  Part  II  of  this  series  of  reports. 


SELECTED  BIBLIOGRAPHY 

Ackley,  S.F.  and  K.  lugakl  (IM9)  Strain  cfNcI  on  Pm  dl- 
alaclrlt  pfopertlcs  at  Ice.  gaOetla  a!  dr  American  Fhytkal 
SotUty  vol.  I4,p.4ll  (abttractl. 

Acklcv,S.F.and  K.  ItagakI  (1971)  EfTeci  of  Xray  Irradiation 
on  the  diataciric  relaxallon  of  lea.  Badttin  of  dr  American 
PhyUcel  iociety,  vol.  1C,  no.  I,  p.  I3S. 


10 


B4u«r,C.L.  *nd  R.S.  Cortfon  (IM7)  McdKfiiwn  for  dk- 
loc«lion  pMinlni  ki  di«  tiktii  IkIMm.  foumtl  of  AppfM 
f*yu€t,  *oi.  33.p.t72W. 

Booftm,  H.,  I VtrmMk  <nd  C.R.  Prolo  (1977)  DMocidom 
»nd  Uto  pluoohxuk  tffttt  ki  lll-V  cryiuta,  /ournof  of 
App/jnf  f*rt/a.  Mk.  4«,  p.  JOOt-501 ). 

Br«nM«v,W>.4ndC.L.  Bjum  (I9«9)  E ffKl  of  chiratd  dit- 
kxattorH  on  dtolocirk  plwoalK vk  pnd  tUMk  propprtiM. 
lournti of  Mourmtt  idtncf  ond  f npkMorpip ,  nol.  4,  p.  29-M. 

0*»id|#.  B.W.  (1943)  Tlx  kpn  ol  dipippd  dklocollons  In 
NjCI.  fitlloKvHkol  Mot^lnt  «al.  I.p.  1349  1 377. 

Utubnot,  A.,  R.  H«Ih  «nd  K.  WtiutI  (1940)  NKhvobdot 
PXrooflHitt  tm  Ek.  AofwnMurnicAoflpn,  vol,  47,  p.  400- 
401. 

Eintibv,  I  J>.,  C.W  A.  f.L.  Prill,  «nd  A.B.  Lidliid 

(1934)  CfUTfod  dktoulioni  ind  Bx  iirmcth  of  look 
crvMiK.  nmotophKOI  mopotmt,  vol.  3,  p.  75  49. 

f  ukudi,  A.  ind  A.  Hgidil  (1949)  X-rty  dlffrtcUon  lopo- 
(npliK  Mudwt  of  Ox  dtformiilon  bihivlor  of  ki  tkisto 
crytuh.  In  PAyiics  of  k*.  (N.  RMil.  B.  Bullonxr  ind 
H.  tnt«rlf<irdl,idt.l,Ntv  York  Planum  Praik.  p.  139-250. 

GXn,  |.W.  (1944)  Tlx  tfftd  of  hydraptn  dkordar  on  db- 
KxilHm  movanxnl  ind  pbUK  dcformilion  of  kt.  A4y(/4 
d»r  Kondrntirrxn  kfaxrw,  vol.  7,  p.  43-51. 

Hktti  and  LoWx  (19441  fAaory  of  d/tfocoffoni.  Nt*  York; 
McCnar-ffill. 

IIKlkl.  K.  (1949)  ConlrAufMn  of  (fijrfad  dMociOon  motion 
on  dktfdrK  baliirlor  of  ka.  BuUttio  of  tht  Amtrkon 
Akvikaf  Socitty,  not.  14,  no.  4.  p.  435. 

Itifikl,  K.  (1974)  Dkkctrk  propariXt  of  didocillon-ffaa 
ka.  fourno/of  CkacKdofy,  vol.  11,  no.  45,  p.  207-217. 

LabuKh.  R.  (1977)  StilnlKlI  dxory  of  dMocallon  con- 
fRuraiiont  in  a  random  array  of  pomi  etiwaclai.  /ournaf 
of  Applttp  fftyikt.  vol  44.  p.  45504554. 

Ptoclor,  T>4.,  li.  (1944)  Loo-lampaialuva  ipaad  of  lound 
in  tinpla-crytlal  ka.  lourmi  of  Ar  4couirko/  iottity  of 
Am»fi(o.  vol.  39,  p.  972-977. 

Sproull.  R.L.  (1940)  CAarpad  ditlocallom  In  lilfilum  fluorlda. 
fkifonphicml  Maparma,  vol.  5,p.  415431. 

Tippa.  A.  (1947)  Sum  PxroaffakI  bal  Ek:  I.  ftatururtytto- 
Kfiafrm.voi.  3,p.  1. 

Turnar,  RX.  and  R.W.  Wtiliwortfi  (1944)  Movanxnl  of 
dniocallonv  m  aodkim  chloride  cryiialt  in  an  alactrk  fkfd, 
pn/Anophico/ Mapa/ax,  vol.  14.  p.  531-539. 

VanOavandar,  |.P.and  K.  lUBikl  (1973)  Iniarnal  frkUan 
of  iln(X<rvtUI  ka.  CRREl  Raatarch  Raporl  343,  AO 
759930. 

Wabb.W.Ri.  and  C.E.  Hayaa  (1947)  OMocailoni  and  ptastk 
daformallon  of  ka.  ffiHotopAkol  kfaparMa,  vol.  14,  p. 

909  925. 

Whftxortli.R.Rr.  (1975)  CkiTBid dWoadtfona  M  Mate  rrywii. 
A4vmm  At  Aftytirt,  vol.  24,  p.  303-304. 

mhttwonfi.  H.W..  I-C.  Paran  and  ),W.  Ckn  (1974)  Tha 
valociiv  of  dMocation  in  ka-ihiory  baaad  on  proton  dto- 
ordar.  Phi'torqphkpf  MaparPx.  vd.  33, p.  409424. 
^aporuBo,  N.V.  (1945)  Effact  of  an  aktlroMalk  fMd  and 
a  puhad  madnalk  flald  on  ifca  mo«amanii  of  dklocatlona 
In  yodkim  chlorlda.  Sovkf  BkyakPCryifaffoprdpAy ,  vol.  10, 
p.4347. 


APfCNDIX  A.  MOSOTTI  TYFE  FIELD  ON  CORE 
OF  CYLINDRICAL  CAVITY 
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format  is  reproduced  below. 
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Charged  dislocation  in  ice.  I.  Existence  and  charge 
density  measurement  by  X-ray  topography  /  by  Kazuhiko 
Itagaki.  Hanover,  N.H.:  U.S^  Cold  Regions  Research 
and  Engineering  Laboratory;  Springfield,  Va.:  available 
from  National  Technical  Information  Service,  1979. 
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